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I  I  ABSTRACT 


?9/?^a^S-l^>t^0n  ^  samples  of  H2O  and  H2O  +  N_  has  been  studied  between  1630  and 

cm  .  Spectral  curves  of  transmittance  have  been  obtained  for  samples  covering 
a  wide  range  of  pressures  with  temperatures  between  308  K  and  428  K.  The  emphasis 
has  been  on  continuum  absorption  in  approximately  30  narrow  windows  where  most  of 
the  absorption  results  from  lines  centered  more  than  1  cm"1  from  the  point  of  absorp¬ 
tion.  Comparison  of  the  results  with  calculated  values  based  on  published  line 
parameters  indicates  that  the  extreme  wings  of  H_0  lines  absorb  more  than  Lorentz- 
shaped  lines  of  the  same  intensity  and  half-width.  The  continuum  absorption  decrease; 
with  increasing  temperature  at  a  faster  rate  than  is  predicted  by  simple  theory  on 
line  shapes. 
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SECTION  I 


1  PRODUCT  I  ON 


B.ickuround 


The  parameters  of  nearly  .nil  of  the  1L0  lines  of  significance  in  the 
spectral  region  1630  -  224 5  cm"*  covered  by  this  report  have  been  tabulated 
by  Benedict  and  Calfcc.  The  tabulated  parameters  for  each  line  are: 

line  center  vQ,  intensity  S,  half-width  CiQ  normalized  for  air  at  1  atm 
pressure,  and  the  value  EM  of  the  lower  energy  level  involved  in  the 
transition.  The  latter  parameter  is  required  in  order  to  calculate  the 
intensity  at  a  temperature  different  from  the  standard  temperature  for 
which  the  parameters  apply.  A  combined  experimental- theoret ical  approach 
war.  used  to  determine  the  parameters.  Detailed  comparisons  with  experi¬ 
mental  results  have  not  yet  been  made  for  all  of  the  individual  lines,  but 
there  is  generally  good  agreement  over  intervals  several  cm"*  wide. 


Many  very  strong  HjO  lines  occur  throughout  this  region,  particularly 
from  1630  to  approximately  2000  cm”*,  so  that  the  average  transmittance  is 
quite  low  over  lower  atmospheric  paths  of  a  few  hundred  meters.  Although 
the  average  transmittance  is  low,  the  transmittance  may  be  appreciable  in 
a  few  "gaps"  or  narrow  "windows"  separated  by  a  few  cm"*  from  any  very 
strong  lines.  The  invention  of  the  CO  laser  has  created  new  interest  in 
these  small  windows  because  they  coincide  with  many  of  the  laser  lines. 
Obviously,  the  performance  of  the  CO  laser  for  communications  depends 
strongly  on  the  atmospheric  attenuation.  Long  et  al^  have  recently  used 
a  CO  laser  as  a  radiant  energy  source  to  study  the  transmission  of  syn¬ 
thetic  atmospheres  of  HjO  J-  ^  contained  in  a  multipie-pass  absorption 
cell.  The  emphasis  was  on  several  of  the  narrow  windows  between  approxi¬ 
mately  1840  and  1990  cm"*.  Long  et  al  have  compared  many  of  their 
experimental  results  with  calculated  results  based  on  the  Lorentz  line 
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shape  and  the  line  parameters  published  by  Benedict  ct  al.  In  nearly  every 
case,  the  observed  absorptance  was  greater  than  the  calculated  value,  somv- 
tlnes  by  as  much  ns  a  factor  of  3.  Klee,3  using  a  different  method  of 
measuring  the  attenuation  of  CO*laser  radiant  energy  by  HjO,  haa  also 
found  poor  agreement  with  calculated  results. 

The  present  laboratory  investigation  was  undertaken  to  check  the 
experimental  results  of  Long  ct  al  and  to  provide  additional  data  from 
which  the  continuum  absorption  could  be  determined  and  -oopared  to  the 
calculated  results.  The  discrepancy  between  the  observed  and  calculated 
values  cannot  be  explained.  It  also  teens  unlikely  that  errors  in  the 
intensities  or  half-widths  arc  iarg*'  enough  to  cause  such  large  errors  in 
the  calculated  absorptance.  Furthermore,  it  is  not  probable  that  t lie* 

"extra”  absorption  in  this  spcc’ral  region  is  due  to  an  H-OjI^O  dimer  as 
has  been  suggested  as  t lie  primary  cause  of  lUO  continuum  absorption  between 
8  and  12  am.  The  most  probable  explanation  Involves  a  deviation  from  tin 
Lorentz  line  shape  in  the  extreme  wings  (v-v&  greater  than  approximately 
10  cm*1)  of  the  lines.  Preliminary  analysis  of  our  data  indicate  that  th< 
lack  of  knowledge  about  the  shapes  of  the  wings  of  the  lines  accounts 
largely  for  the  inability  to  calculate  the  absorption  reliably.  Further 
analysis  of  the  data,  many  of  which  are  shown  in  Sections  2  and  J,  will 
provide  additional  information  on  the  accuracy  of  the  published  values  pf 
S  and  ci°.  It  is  also  anticipated  that  these  data  along  with  other  datn*»  »u* 
on  ILO  absorption  in  windows  will  provide  better  ln-slght  into  the  behavior 
of  the  wings  of  lines. 

Symbols,  Units,  and  Definitions 

At  the  pressures  involved  in  the  present  study,  the  I^O  vapor  density 
is  proportional  to  its  partial  pressure  p  so  that  the  aboorber  thickness  u 
of  a  sample  is  given  by 

ufmolcculcs /cm2)  *  2.69  x  10^  p(atm)  L(cm)  (273/*  ) 

(l-l) 

«  7.34  x  1021  pL fO. 

The  true  transmittance  that  would  be  observed  with  infinite  resolving 
power  is  given  by 

T'  =  exp  (-uk),  or  (-1/u)</Lt'  =  K,  (1-2) 

where  K  is  the  absorption  coefficient.  Because  of  the  finite  slitwidth  of 
a  spectrometer  and  possible  variations  in  K  with  wavenumber  due  to  line 
structure,  the  observed  transmittance  T  may  differ  from  T'  at  the  same 
wavenumber.  The  quantity  T  represents  a  weighted  overage  of  T'  over  the 
interval  passed  by  the  spectrometer. 
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n 


The  Intrinsic  absorption  coefficient  due  to  a  single  collision* 
broadened  absorption  line  at  a  point  within  a  tew  cn* ‘  of  the  line  center, 
v  ,  Is  probably  giver,  adequately  by  the  Lorent.t  shape: 


— 


<v-ve y 


(1-3) 


The  line  Intensity  S  /kdv  Is  essentially  Independent  of 
for  the  conditions  of  the  present  study.  It  has  been  shown®’ ~  tVat 
for  v-v  greater  than  a  few  cn*  ,  the  Lorentz  equation  nay  require  modi¬ 
fication.  One  method  Is  to  employ  a  factor  N,  which  Is  a  function  of 

(v-v  ),  so  that  Eq.  (1-3)  bcconcs 
o 


k 


S  _ 

(v-vQ)2 


(1-4) 


where  k.  denotes  the  valua  given  by  the  Lorentz  coefficient.  The  value  of 
Is  approximately  equal  to  unity  for  small  |v-v0  ,  but  may  be  quite  dif¬ 
ferent  for  large  'v-v  .  For  exampl  e,  «  1  for  the  extreme  wings  of  COj 
lines,  but  the  data  presented  below  Indicates  V  >  1  for  11^0  lines. 

The  half-width  a  Is  proportional  to  pressure  so  that  k  Is,  In  turn, 
proportional  to  pressure  in  the  extreme  wings  where  'v-v  >  .  It 

follows  from  Eq.  (1-4)  that  the  wlng-absorptlon  coefficient  C  due  to  the 

extreme  wings  of  several  lines  Is  equal  to  the  sum  of  all  the  k's  due  to 

the  Individual  lines  and  Is  proportional  to  pressure,  (C  C°  p).  Since 

wing  absorption  changes  slowly  with  wavenumber.  It  Is  frequently  called 
contlnuun  absorption. 

Continuum  absorption  may  also  arise  from  dimers.**  such  as  I^OtlliO,  or 
from  pressure- Induced  bands.  These  two  types  of  continuum  have  the  same 
pressure  dependence  as  absorption  by  line  wings;  therefore,  It  la  not 
necessary  to  determine  which  Is  the  source  of  the  absorption  being  measured. 
In  the  following  discussions,  we  refer  to  It  ns  wing  absorption,  although 
It  Is  possible  that  some  dimer  absorption  or  pressure- Indcrcd  absorption 
also  occurs.  The  absorption  coefficient  due  to  local  lines  whose  centers 
occur  within  a  few  cm*l  of  the  point  of  observation  Is  denoted  by  K(locnl). 
This  quantity  may  vary  rapidly  with  wavenumber  and  depends  on  pressure  as 
Indicated  by  Eq,  (1-3)  because  of  collision-broadening  of  the  absorption 
lines.  At  a  given  wavenumber,  there  may  be  absorption  by  local  lines  as 
well  as  by  continuum.  Therefore,  for  n  pure  sample,  the  total  absorp¬ 
tion  coefficient  k  In  Eq.  (1-2)  Is  given  by 

K  -  K(local)  *  C#  *  xr(local)  +  C°p.  (1-5) 
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The  normalized  continuum  coefficient  C°  Is  the  value  of  C  when  p  1  atm 
The  subscript  s  denotes  seif-broadenint  of  the  lines.  siSce  u  is  propor-' 
t  iOnal  to  pL,  due  to  continuum  is  proportional  to  p2L. 

To-  a  mixture  of  11,0  *  N_,  such  as  several  of  those  used  in  the 

rrnplJVIv  bC  "°dlflC''  ‘°  '■’ccou"t  f°c  t’"!  bcoadenl"‘; 


*  CS2  (1-6) 

where  is  the  partial  pressure  of  Nj. 

The  equivalent  pressure  P  given  by  the  following  equation  is  a 
<.  Jn ven lent  parameter  when  dealing  with  II  0  absorption  by  mixtures  of  1U0 
»n  or  in  air,  which  is  approximately  807  NjJ  2 


pc  KP  *  Pf.  (B-l)  p  4  p, 
2 


(1-7) 


a£rn,  f  K‘  ,l°l  ,  PrcB8urc‘  8  ls  the  ratio  of  the  self-broadening 
ability  to  the  broadening  ability  of  N2,  i.e.,  C°/c°  .  We  note  that  P 

approximates  P  for  dilute  mixtures  of  11,0  in  N,  N2  (p  «  p  )  Values 
of  and  CN  and  II  arc  given  in  Table  5-1  for2selected  N2 


n  .ire  given  in  lubic  3-1  for 
wavenumbers  2  at  different  sample  temperatures ( 


SECTION  2 

SPECTRAL  TRANSMITTANCE  FROM  I860  TO  2230  cm' 


Figures  2-1  through  2-4  show  spectral  curves  of  transmittance  from 
1860  to  2243  cm"*-  for  two  pure  samnlcs  of  H^O  at  a  temperature  of  322  K. 

The  spectral  slitwidth  varied  from  0,45  to  0.6  cm"*-.  The  two  samples 
were  contained  in  a  multiple-pass  absorption  cell  adjusted  to  32  passes 
for  a  path  length  of  948.7  meters.  After  the  spectrum  of  each  sample  was 
scanned,  a  background  curve  was  obtained  with  the  cell  evacuated.  It  was 
difficult  to  determine  accurately  the  position  of  the  background  curve 
(corresponding  to  1007  transmittance)  relative  to  the  sample  spectrum 
because  of  drift  during  the  scanning  time  of  2-3  hours.  In  order  to 
position  the  background  curves  the  following  procedure  was  followed. 

Spectral  curves  were  scanned  over  8  selected  narrow  windows  for  a 
variety  of  pure  HjO  samples  at  different  pressures.  The  time  required  to 
obtain  these  data  was  short  enough  that  the  drift  in  detector  signal  could 
be  accounted  for.  The  quantity  (-l/u)i^T  was  plotted  against  p  for  the 
point  of  maximum  transmittance  in  each  window  (See  Fig,  3-1).  These  curves 
were  used  to  modify  the  background  curves  relative  to  the  curves  for 
Samples  25  and  18.  For  wavenumber  calibration,  more  than  55  1^0  absorp¬ 
tion  lines  were  identified  from  a  paper  by  Benedict,  Claassen,  and  Shaw^ 
and  their  positions  were  determined  from  a  listing  by  Benedict  and  Calfee.^ 

Figures  2-5  through  2-9  show  transmittance  spectra  tor  4  pure  H2O 
samples  at  428  K  contained  in  a  multiple-pass  cell  adjusted  for  4  and  32 
passes.  Background  curves  were  fitted  to  the  sample  curves  by  the  method 
described  in  the  previous  paragraph.  Table  2-1  lists  values  of  the 
integrated  absorptance  /A(v)dv  for  the  samples  represented  in  Figs.  2-1 
through  2-9,  (A(v)  =  1  -  T(v)). 
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4.85  4.80  WAVELENGTH  (pm)  4.75  4.70 

>  .2-3.  IfHtnd  curves  of  •  r  nsmitL.ince  fro;,,  2049  to  2143  cm'1  for  2  pun  IU  samples.  Spec.r  1  si  Ltvidth '~"0.52  cm' 

ample  parameters  .re  given  in  Pig.  2-1. 


FIG. 2-5,  Spectral  curves  of  transmittance  from  1840  to  1900  cm 
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TRANSMITTANCE 


1975  WAVENUMBER  (cm*1) 


2000 


5.05  WAVELENGTH  (nm)  5.00 


FIG. 2-7.  Spectral  curve  of  transmittance  from  1963  to  2015  cm"1  for 
3  pure  H20  samples.  Spectral  slitwidth~  0.19  cm*1.  Sample  parameters 
are  given  in  Fig.  2-5. 
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1  WAVELENGTH  (urn)  1  1 

4.95  4.90  4.85 

FIG. 2-8. Spectral  curves  of  transmittance  from  2015  to  2080  can*1  for  3  purj  1!  0 
samples.  Spectral  slitwidth  ”  0.20  cm“^.  Sample  parameters  are  given  in  ^ 
Fig.  2-5. 
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I  NTEGRATETi  ABSORPTANCE  FOR  PFRE  H  0 
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SECTION  3 


CONTINUUM  ABSORPTION 


Two  different  methods  were  used  to  obtain  data  on  the  continuum  for 
self-broadening  in  the  narrow  windows.  In  the  first  method,  a  sample  of 
H90  vapor  was  placed  in  the  cell  and  several  narrow  spectral  intervals 
containing  a  window  were  scanned.  Additional  1^0  was  added  and  the  narrow 
intervals  were  re-scanned.  The  process  was  repeated  for  3  to  5  pressures, 
requiring  approximately  four  hours  for  a  series  of  measurements.  In  the 
second  method  a  single  narrow  interval  was  studied  at  a  time.  The  sample 
was  added  to  its  maximum  pressure  as  quickly  as  possible  and  the  transmit¬ 
tance  was  measured.  Transmittance  was  measured  at  four  or  five  pressures 
as  the  pressure  was  decreased,  with  about  20  minutes  required  to  make  the 
scries  of  measurements  over  a  single  interval.  Data  obtained  by  the 
second  method  were  more  self-consistent  than  the  others.  The  results 
obtained  by  the  two  methods  did  not  agree  as  well  as  expected,  although 
the  discrepancies  were  smaller  than  those  observed  in  a  previous  study 
of  the  2400-2900  cm-^  region. 

Only  the  first  method  was  practical  for  samples  contained  in  the 
large  absorption  cell.  The  cell  is  so  large  that  it  takes  a  lot  of  1^0 
and  a  long  time  to  introduce  a  sample.  The  large  vacuum  pump  used  with 
the  long  cell  vibrates  the  cell  so  that  the  mirrors  must  be  readjusted 
each  time  the  pump  is  operated.  It  is  difficult  to  exactly  duplicate  the 
previous  alignment,  so  it  is  impractical  to  use  the  same  background  curve 
for  different  samples  obtained  by  removing  a  portion  of  the  previous  sam¬ 
ple.  Therefore,  samples  were  changed  by  adding  H90  to  the  previous  one. 
Only  7  short  spectral  intervals  were  scanned  by  this  method  when  using 
the  long  cell.  The  scans  were  repeated  a  few  times  for  each  sample  to 
allow  averaging.  Several  of  the  measurements  were  repeated  by  evacuating 
the  cell  and  Introducing  a  new  1^0  sample. 


The  second  method  was  used  for  samples  contained  in  the  small  nultiplt- 
pass  cell.  The  cell  is  small  enough  that  only  a  few  minutes  arc  required 
to  fill  the  cell.  The  pump  used  to  evacuate  the  cell  is  connected  to  it 
by  rubber  tubing  and  does  not  cause  vibrations  that  affect  the  optical 
alignment. 

Determining  the  continuum  coefficients  for  pure  II2O  involved  the 
application  of  Eqs,  (1-2)  and  (1-5)  to  transmittance  values  observed  at 
the  points  of  maximum  transmittance  in  the  short  spectral  interval  scans. 

We  plotted  values  of  (-l/u)/.T  at  a  given  wavenumber  versus  p  for  a 
fixed  temperature  and  path  length.  In  accordance  with  th?  discussion  of 
Eq.  (1-5),  we  expect  the  plotted  points  to  fall  on  a  straight  line  that 
intersects  the  p  =  0  line  at  K(local)  and  has  a  slope  equal  to  C°.  Two 
typical  plots  are  shown  in  Fig.  3-1  for  1978.6  cm’1.  This  wavenumber  is 
very  close  to  one  of  the  CO  laser  lines  studied  by  Long  et  a  1 .  The 
straight  line  fits  the  points  well  and  passes  near  the  origin.  This  re¬ 
sult  is  expected  for  continuum  absorption  with  little  contribution  due  to 
local  lines.  Similar  results  were  obtained  at  other  wavenumbers  and  for 
samples  at  other  temperatures. 

Values  of  the  continuum  coefficient,  C°,  for  self-broadening  are 
listed  in  Table  3-1  for  four  different  temperatures  aid  several  wavenumbers. 
The  symbol  L  adjacent  to  some  of  the  wavenumber  listings  indicates  that 
some  local-line  absorption  had  to  be  accounted  for  in  order  to  determine 
the  continuum  coefficient  at  that  position.  The  322  K  samples  were  con¬ 
tained  in  the  long  absorption  cell;  the  others  were  in  the  short  cell. 

A  long  path  length  was  needed  at  322  K  in  order  to  produce  a  measurable 
absorptance  because  the  maximum  11,0  pressure  was  limited  to  approximately 
0.07  atm  by  the  1^0  vapor  pressure. 

Several  factors  contribute  to  the  errors  in  the  results.  One  of  the 
most  important  is  the  error  in  the  assumed  100%  transmittance  curves 
(background).  This  error  is  obviously  most  series  when  the  absorptance 
is  small.  Noise,  or  short  term  fluctuations,  also  contribute.  Additional 
uncertainty  arises  from  errors  in  accounting  for  the  local  line  absorption 
and  the  influence  of  the  finite  slitwidth  of  the  spectrometer.  The  esti¬ 
mated  errors  are  +  5%  for  the  majority  of  the  values  listed  in  Table  3-1. 
These  results  were  obtained  from  plots  of  (-l/u)/vT  vs  p  that  contain 
several  points.  Values  of  C°  in  the  table  with  an  estimated  error  of 
+  10%  result  from  either  of  two  types  of  data.  Some  result  from  plots 
°f  (-l/u)X^T  vs  p  with  considerable  scatter,  or  with  only  two  or  three 
points.  Other  values  are  based  on  the  transmittance  curves  shown  in 
Section  2.  The  majority  of  the  values  listed  for  322  K  were  obtained 
from  the  transmittance  curves  of  Samples  25  and  18, 
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TABLE  3-1 


SELF-BROADENING  AND  N2  BROADENING  COEFFICIENTS  FOR  DIFFERENT  TEMPERATURES 


v 

„-l 


1630.5 

1665.5 

1691.5 

1725.2 
1765.0 

1786.5 

1816.5 

1839.8 

1856.6  L 
1882.0  L 

1900.0 

1905.6 

1920.5 

1927.1 

1929.2 

1931, J 

1968.2 

1952.6  L 
1959.0 

1962.8 

1976.0 

1978.5 

1983. 8  L 
1990,0  L 

1997.6 

2002.3  I. 

2006.6  L 
2008.  8  L 

2011.8  L 

2029.3 


2036.1 

2065.3 

2055.5 
2056.0 

2071.1 

2083.6  L 

2102.6  1. 

2109.6  I. 

2130.7  L 
2133.0 

2169.8 
2196.7 

2223.3 
2290.0 


Multiply 

all  values  by  10*2^ 

molecules*! 

cm2  atm"! 

C° 

a 

B  C°/C° 

s'  N2 

K 

353  K 

322  K 

_ 308  K 

628  K 

353  K 

308  K 

628  K 

1ST  K 

5060 

8660 

871 

1060 

5.8 

8.3 

6120 

8610 

6250 

10000 

11900 

6770 

1100 

1500 

696 

1360 

1820 

723 

5.6 

5.6 

6. 1 

7.6 

6.5 

9.6 

6570 

5350 

1 

695 

688 

6 . 6 

7.8 

2810 

3620 

619 

425 

6.7 

581 

1690 

1780 

865 

1890 

2160 

83.1 

195 

283 

90 

190  * 

297  * 

7.0 

7.7 

6.3 

9  3 

9.9 

6.9 

619 

560 

726  * 

57.0 

58 

7.3 

9.6 

J71 

619  * 

ft  5 

688 

808  * 

86.5 

91.5 

5.  8 

6.6 

1660 

296 

633 

6  56  * 

281 

362 

678  * 

62.9 

61.0 

6.6 

8.6 

285 

366 

372 

688  * 

516  * 

66.6 

37.7  * 

6.2 

9.9 

199 

222 

267 

286 

362  * 

29.7 

26.3  * 

6.7 

9.6 

238 

283 

392  * 

39.5  * 

7.2 

118 

206 

16.7 

7.1 

108 

166 

190  * 

13.7 

12.5  * 

7.9 

11.5 

1J9 

218  >< 

766 

159 

4.8 

166 

222  * 

27.5 

6.0 

93.1 

157  * 

139 

172  * 

272 

330  * 

122 

172  * 

61.8 

77.7 

105  * 

6.2  >V 

12.5 

80.7 

110  * 

12.2 

6.6 

125 

137  * 

60.6 

72.5  * 

5.55  * 

7.3 

39.1 

76.8 

63.1 

52 

70.5  * 

6.65  * 

6.5  * 

6.5 

11.5 

37.8 

62.5 

59.3  * 

3.8  * 

11.2 

20.2 

35.0 

22.6 

67.9  * 

3.0  * 

7.5 

18 

20 

37.1  * 

1.9  * 

1.7  * 

9.5 

11.8 

21.1 

38.2 

8.8 

25.1  * 

1.2  * 

7.3 

7.0 

11.8  * 

23.2  * 

.86  ** 

0.58  ** 

8.1 

20 

7.9 

20 

17.9 

Estimated  errors  Tor  Cg  and  C^  arc  ±  57.  except  for  valueB  marked  *  and  **  which  indicate  ±  107.  and  +_  207., 

respectively.  Errors  In  B  depend  on  the  associated  values  of  C°  and  C?.  , 

s  N2 
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Influence  of  Nitrogen-Broadening  on  the  Continuum 


The  earth's  atmosphere  contains  much  more  Nj  and  than  1^0  so  that 
the  broadening  of  1^0  lines  by  ^  and  0~  is  generally  more  important  than 
the  self-broadening.  Furthermore,  the  N2  concentration  is  approximately 

4  times  that  of  and  the  continuum  coefficient  Cq  is  not  expected  to 

be  greatly  different  from  C°  .  Therefore,  can  2  probably  be  used 

for  air  in  the  place  of  a  2  more  accurate  2  weighted  av. rage  of 

and  C°  .  No  data  were  obtained  with  0  .  2 

°2  1 

In  a  typical  measurement  of  C°  the  spectrometer  was  adjusted  to  one 
of  the  narrow  windows  where  the  2  continuum  absorption  dominates  over 
the  local-line  absorption.  A  sample  of  ^0  was  added  to  the  cell  until 
the  transmittance  dropped  to  about  80%.  A  spectrum  was  scanned  over  the 
window,  and  N2  was  added  in  steps  to  produce  transmittance  of  about  60,  45, 
30,  and  20%.  The  transmittance  was  measured  at  each  pressure  after  t he 
sample  had  mixed  for  several  minutes.  The  total  operation  for  all  the 
pressures  required  between  20  and  30  minutes  for  a  single  window.  We 
plotted  (-l/u)  (i^T  -  £»  T ' ' )  versus  p^  ,  where  T1'  is  the  transmittance 
of  the  pure  1^0  sample.  In  accordance1 2  with  Eq.  (1-6)  the  points  fell 
on  a  straight  line  drawn  through  the  origin  with  a  slope  of  .  The 
values  obtained  for  three  different  temperatures  are  given  in  2 
Table  3-1.  The  estimated  errors  for  C°  are  as  high  as  207  at  some 
wavenumbers  because  the  increase  in  w2  absorption  resulting  from  the 
^  was  very  small.  The  large  errors  were  assigned  to  the  values  that  were 
determined  from  (^T''  - /Lt)  <  0.05.  The  three  right-hand  columns  in 
Table  3-1  list  values  of  B  =  C°/cm  f°r  three  different  temperatures. 

2 

6  L  3 

In  previous  studies  ’  we  have  found  B  to  occur  between  4  and  6  at 
wavenumbers  where  most  of  the  absorption  is  due  to  lines  centered  within 

5  or  10  cm-1.  As  can  be  seen  in  Table  3-1,  values  of  B  for  the  continuum 
may  extend  to  higher  values.  The  wider  variation  can  probably  be  attri¬ 
buted  to  differences  in  the  distances  from  the  centers  of  the  lines  pro¬ 
ducing  most  of  the  absorption.  At  1920.5  cm"1,  for  example,  where  the 
strong  nearby  lines  are  responsible  for  most  of  the  absorption,  B  has  a 
relatively  low  value  of  5.5.  In  contrast,  no  strong  lines  occur  within 
several  cm-*-  of  1978.5  cm-^;  therefore,  a  large  fraction  of  the  continuum 
at  this  point  is  probably  due  to  lines  centered  more  than  10  cm"*'  away. 

The  corresponding  value  of  B  is  much  larger,  7.9  at  428  K  and  11.5  at 

353  K. 

Variations  in  B  are  shown  graphically  by  the  curves  of  transmittance 
in  Fig.  3-2.  Sample  42  consists  of  pure  H„0  in  the  small  multiple-pass 
cell  adjusted  for  a  path  length  of  8.26  meters.  For  Sample  45  the  cell 
was  adjusted  to  32.9  meters,  and  0.0486  atm  of  1^0  was  introduced  to 
match  the  absorber  thickness  of  Sample  42;  then  ^  was  added  to  0.5 
atmospheres.  To  produce  Sample  45,  N„  was  added  to  Sample  45  to  a  total 
pressure  of  1  atm.  Portions  of  two  or  the  curves  have  been  omitted  where 


they  are  nearly  coincident  with  the  curve  for  Sample  42.  All  three 
samples  have  the  same  absorber  thickness;  therefore,  a  differences  in 
the  curves  are  due  to  differences  in  line  width  or  shape.  In  Recast 

SamnrPA^  ^ 1  ineS  are  entirely  self  broadened,  whereas  the  lines  in 
t  t  t  are  Partially  8^f  broadened  and  partially  N,  broadZJd 
If  the  N2-broadened  lines  had  exactly  the  same  shape  as  he  sllf-Zroademd 

simneiUW4%W°Ul?,be  abJe  t0  adjUSt  the  N2  Pressure  in  a  sLplZsucS  as 
SaZli  'b5  i  ^  S°4that  its  spectral  curve  was  coincident  with  that  of 
Sample  42.  Inspection  of  Fig.  3-2  shows  that  this  is  not  possible  fL 

BrZbsZiZZ  Z  1930  C"  '  Sample  46  nearly  -tchesPSamP1^2. 
fh  ®U^titutin8  the  corresponding  pressures  in  Eq.  (1-7),  we  can  show 

lod  l^Q ^Scm-ireZ°ndS,t0  B  6'5-  At  th°  1  ransmi t tance  ima  near  1909 
and  19i9  cm*,  the  value  of  B  found  by  interpolation  is  very  close  to  5 
At  o  her  points  within  the  spectral  interval  shown  where  IZ  cuZes  are* 

between  Hill  ""  -lues  of  B  lie 

portionstaoiiZlar  l°  th°Se  ShOWn  ln  Fig-  3’2  Were  Stained  in  other 
portions  of  the  spectra.  As  indicated  in  Table  3-1,  larger  values  of  B 

e^e  observed  in  some  of  the  windows  at  higher  wavenumbers.  Generally 

centered  w  Zin  WO*  T  °*  thB  fbSOrpti°"  can  be  attributed  to  uJes 
5  at  nd  ►  hu  5'l01cm  •  The  val“e  of  B  is  consistently  greater  than 

Centered  fu*  3 , j;ar8f L f rac t ion  of  the  continuum  resulL  from  lines 

work  ^  pZZrl^L  ?heCm250a500*  ^  1 S  COMi8tent  previous 

m  Ib/s-U  n»  ”  ulS?"  “  WUh  °th0r 

fh  dhe  Var*at*on  in  B  can  be  explained  on  the  basis  of  a  difference  in 

linefaP^thfn  h  ^  ?f  ^  broadened  and  self-broadened  H,  0 

lines.  Within  about  5  or  10  cm*!  of  the  centers,  both  types  of  lines 

5PtimZtly  8^milar  3hapes  with  the  normalized  half-width  °  about 

5  times  as  great  for  self-broadened  lines  as  for  N,-broadcned  ones 

broader,HbM°nd  5  10  Cm’  fr°m  the  centers»  the2absorPtion  by  self- 

broadened  lines  relative  to  ^-broadened  ones  is  apparently  greater  than 

‘‘  'h' 1 i.  .  ur,.r  V.,J  5T([„ 

Unis'.  ”  8‘  *ol f -broadened  H20  lines  than  for  ^-broadened 

Values  of  C  at  a  given  wavenumber  are  seen  from  Table  3-1  to 
decrease  with  increasing  temperature.  The  temperature  dependence 

ITU*  ii„«nn#ul!  wS!hinded  by  changes  in  the  intensities  widths 

at  suffleZZi„  J  .  decrease  with  increasing  temperature,  but  not 

most  of  the  s  Y  fatf  t0  account  for  the  changes  in  C°.  Throughout 

most  of  the  spectral  region  studied,  the  intensities  of  tfie  lines  increase 

ncreasing  temperature,  an  effect  opposite  to  that  required  to 

tsPaacLge  [nmtZatLre  °f  C*‘  Tht>  moat  Probable  explanation 

"nrJ  K  A  PCS  0f  the  WingS  0f  the  lines  that  can  be  repre- 

t  y  a  ecrease  in  with  increasing  temperature.  The  largest 
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relative  changes  in  Cg  occur  at  wavenumbers  where  a  significant  portion  of 
the  absorption  is  due  to  distant  lines.  Thus,  we  conclude  that  the  relative 
temperature  dependence  of  X  increases  with  increasing  |v-v  |. 

At  most  of  the  wavenumbers  investigated,  C°  also  decreases  with 
increasing  temperature.  At  those  places  where  N2  this  does  not  occur, 
the  dependence  can  probably  be  explained  by  the  increased  intensities  of 
the  lines  producing  the  absorption.  The  results  generally  indicate  that 
y  for  ^-broadened  lines  also  decreases  with  increasing  temperature,  but 
at  a  slower  rate  than  self-broadened  lines.  This  accounts  for  the 
decrease  in  B  with  increasing  temperature. 

2 

Long  et  al  have  measured  the  absorption  coefficients  at  several 
wavenumbers  for  relatively  dilute  samples  of  H?0  in  N  at  1  atm  total 
pressure.  Their  experimental  values  are  from  about  172  to  3  times  as 
great  ^s  values  calculated  by  using  the  line  parameters  of  Benedict  and 
Calfee  and  the  Lorentz  line  shape.  The  ratio  of  the  experimental  to  the 
calculated  values  is  generally  less  at  points  where  the  nearby  lines 
dv*V  <  10  cn,  i)  contribute  most  of  the  absorption  than  it  is  at  points 
where  the  absorption  is  due  primarily  to  distant  lines.  At  wavenumbers 
where  direct  comparisons  can  be  made  with  room  temperature  data,  we  find 
good  agreement  between  our  values  and  the  results  of  Long  et  al.  At 
other  wavenumbers  where  we  haveQdata  only  at  elevated  temperatures,  we 
extrapolated  curves  of  C°  and  to  room  temperature  and,  again,  found 
good  agreement  with  Long  et  al.  2  These  results  imply  that  the  wings  of 
N„-broadened  H20  lines  are  "super-Lorentzian";  i.e.,  they  absorb  more 
than  Lorentz  lines  having  the  same  intensities  and  widths,  (y  >  1  in 
Eq.  (1-4).) 

In  summary,  the  results  indicate  that  X  is  greater  for  the  wings  of 
self-broadened  H„0  lines  than  for  N, -broadened  ones,  and  that  it  is 
greater  than  unity  for  both  types  at  the  temperatures  studied.  Further¬ 
more,  the  ratio  of  X  for  self-broadened  lines  to  that  for  N„-broadened 
ones  increase  with  increasing  distance  from  the  line  centers  and  with 
decreasing  temperature. 
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